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Abstract
Overall dry deposition velocities of several elements were determined by dividing measured #uxes by measured
airborne concentrations in di!erent particle size ranges. The dry deposition measurements were made with a smooth
surrogate surface on an automated dry deposition sampler (Eagle II) and the ambient particle concentrations were
measured with a dichotomous sampler. These long-term measurements were made in Chicago, IL, South Haven, MI, and
Sleeping Bear Dunes, MI, from December 1993 through October 1995 as part of the Lake Michigan Mass Balance Study.
In general, the dry deposition #uxes of elements were highly correlated with coarse particle concentrations, slightly less
well correlated with total particle concentrations, and least well correlated with "ne particle concentrations. The
calculated overall dry deposition velocities obtained using coarse particle concentrations varied from approximately
12 cms~1 for Mg in Chicago to 0.2 cm s~1 for some primarily anthropogenic metals at the more remote sites. The
velocities calculated using total particle concentrations were slightly lower. The crustal elements (Mg, Al, and Mn) had
higher deposition velocities than anthropogenic elements (V, Cr, Cu, Zn, Mo, Ba and Pb). For crustal elements, overall
dry deposition velocities were higher in Chicago than at the other sites. ( 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Dry deposition of atmospheric contaminants is known
to be an important removal mechanism of trace metals.
Despite its importance, the understanding of dry depo-
sition to natural surfaces is far from complete (Davidson,
1990). Recent advances have been made by using a surro-
gate surface to directly measure dry deposition. This
technique can be used to directly assess deposited mater-
ial and allows comparisons to be made between
measured and modeled data (Holsen and Noll, 1992;
Davidson et al., 1985).
Recent studies have shown that surrogate surfaces can
be used: (1) over extended periods of time and at di!erent
locations to provide information on temporal and spatial
variations in dry deposition of a species, (2) to estimate
lower limits to aerosol dry deposition to rougher, natural
surfaces if they are smooth horizontal collectors that do
not appreciably disturb air#ow and (3) as research instru-
ments for investigating the in#uence of surface geometry,
atmospheric properties, and characteristics of the deposi-
ting species on dry deposition (Davidson et al., 1985).
Measurements made with a smooth surrogate surface
with a sharp leading edge have been shown to agree well
with results of modeled dry deposition if complete atmo-
spheric size distributions are used (Holsen and Noll,
1992; Paode et al., 1998; Sofuoglu et al., 1998).
A variety of models have been developed to predict
deposition velocities. For example, Slinn and Slinn (1980,
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1981) developed a model for particles deposited on
a water surface that describes delivery from the free
atmosphere by eddy di!usion and sedimentation, fol-
lowed by transport across the viscous sublayer by
Brownian di!usion, inertial impaction, and sedimenta-
tion. Williams (1982) developed a similar model that
includes separate expressions for smooth and rough
areas of the water surface. Both of these models assumed
the water is a perfect sink. Fairall and Larsen (1984)
added the e!ects of a non-perfect sink surface by includ-
ing a surface resistance term.
Since these types of models are complex and require
information that is often di$cult to obtain, dry depo-
sition is often estimated using total or partially size
segregated particle concentrations and average or overall
deposition velocities. These deposition velocities are di$-
cult to predict because they vary with atmospheric condi-
tions, location and the size distribution of the depositing
species. It is common to have one order of magnitude
variations in calculated overall deposition velocities due
to the di!erences in methods used to establish the asso-
ciated particle size distribution (Van Aalst, 1988). The
number of steps used to discretize the particle’s size range
has a large in#uence on the computed dry deposition
velocity (Dulac et al., 1989) due to the non-linear depend-
ence of the calculated deposition velocity on particle
diameter and shape of the size distribution curve. For
these reasons, the use of an overall deposition velocity, in
combination with measured ambient concentrations, to
estimate dry deposition, often greatly underestimates the
contribution of coarse particles, particularly those
’10 lm, to dry deposition (Holsen et al., 1991; Holsen
and Noll, 1992). As a consequence, many estimates of dry
deposition made using this technique are probably
underestimated.
The objectives of this research were (1) to measure
long-term elemental dry deposition and ambient concen-
tration at various locations around Lake Michigan; and
(2) to determine overall dry deposition velocities for
several elements at various locations around the lake.
2. Experimental section
2.1. Sampling program
Samples were collected at three locations around Lake
Michigan as part of the Lake Michigan Mass Balance
(LMMB) Project: Sleeping Bear Dunes, MI (SBD), near
South Haven, MI (SH), and at Illinois Institute of Tech-
nology in Chicago (IIT). Details about these locations are
presented elsewhere (Paode et al., 1998; Sofuoglu et al.,
1998; Franz et al., 1998). The dry deposition samples were
collected with Eagle II automatic dry deposition collec-
tors. This sampler contains two deposition plates moun-
ted on arms that are pointed into the wind with a wind
vane. These plates are automatically covered when
a moisture sensor detects rain or snow and exposed to
the atmosphere during dry periods. The sampler is de-
scribed in more detail elsewhere (Franz et al., 1998;
Sofuoglu, 1996).
The dry deposition samples were collected on carefully
cleaned Mylar strips covered with Apezion L grease.
Details of sample preparation are described in Paode
et al. (1998) and the Illinois Institute of Technology,
Air Quality Laboratory SOP (US EPA, 1996). Sampling
started on December 1993 and concluded in October
1995. Sampling times extended between 4 and 57 days
depending on the sampling site and season with an aver-
age of 22 days (Franz et al., 1998; Shahin et al.,
2000).
Ambient particle concentrations were measured using
commercial dichotomous samplers (Andersen Samplers,
Atlanta, GA) operated by the Illinois Water Survey. This
sampler collects "ne (aerodynamic diameter (2.5lm)
and coarse (aerodynamic diameter ’2.5lm) airborne
particles on separate 37-mm, 0.2lm average pore size
Te#on "lters at a rate of 1m3h~1 (Gelman, Ann Arbor,
MI). The dichotomous sampler is normally equipped
with an inlet that excludes particles larger than 10lm.
This inlet was removed and the sampler was mounted in
a standard high-volume sampler shelter so that larger
particles could be collected. It is unknown how removing
the inlet increased measured coarse particle concentra-
tions; however, the increase is likely to be small because
these types of samplers have been shown to have poor
collection e$ciencies for large coarse particles (Hof-
schreuder et al., 1983; Chow, 1995). Quarterly calib-
rations were performed using a mass #ow meter. The
sampler operated for four 24-h periods within each
4-week sampling cycle to collect about 100m3 of air. The
"lters were handled at a clean bench in the laboratory.
2.2. Analysis
Analytical methods are described in detail elsewhere
(Paode et al., 1998; Sofuoglu et al., 1998). Brie#y, the
grease and associated particles from the deposition strips
were washed into Te#on containers and digested with an
ultra-pure nitric acid solution in a microwave oven in
a Class 100 Clean Room at the University of Michigan
Air Quality Laboratories. Samples were subsequently
analyzed with a Perkin-Elmer 6000 inductively coupled
plasma-mass spectrometer (ICP-MS).
Metals in airborne particles collected by the
dichotomous sampler were measured by X-ray #uores-
cence spectrometry (XRF) at the U.S. EPA’s Atmo-
spheric Research and Exposure Assessment Laboratory.
The analyzer is an energy dispersive spectrometer, cus-
tom made by Lawrence Berkeley Laboratory. The stan-
dard operating procedures have been previous published
(Kellogg, 1992). Commercial standards consisting of thin
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Table 1
Average long-term dry deposition #ux for elements in three sampling sites
Species Chicago South Haven Sleeping Bear Dunes
Ave. #ux
(mgm~2day~1)
SD Ave. #ux
(mgm~2day~1)
SD Ave. #ux
(mgm~2day~1)
SD
Mg 2.27 1.25 0.52 1.8 0.058 0.028
Al 1.04 1.05 0.34 0.65 0.074 0.060
V 0.0033 0.0033 0.0012 0.0031 0.00017 0.000314
Cr 0.0057 0.0056 0.00074 0.00084 0.0016 0.0038
Mn 0.058 0.057 0.021 0.046 0.0035 0.0026
Cu 0.063 0.050 0.031 0.035 0.079 0.17
Zn 0.12 0.11 0.051 0.046 0.068 0.082
Mo 0.00096 0.00078 0.00015 0.00025 0.00049 0.0012
Ba 0.028 0.022 0.0094 0.027 0.0023 0.0019
Pb 0.038 0.034 0.023 0.059 0.035 0.076
"lm deposits on Nucleopore or standard polymer "lms
are less than 0.1 ngm~3. Blank values for all elements
were generally below the detection limits.
2.3. Quality assurance/quality control
The strict quality assurance and quality control guide-
lines developed for analysis of dry deposition samples as
part of the LMMB were followed and are described in
Paode et al. (1998) and Sofuoglu et al. (1998). These
included development of method detection limits
(MDLs), analysis of process and "eld blanks, and
measurement of extraction e$ciencies using Urban
Particulate Matter (NIST 1643). Field blanks were occa-
sionally slightly higher ( 0.2 ppb) than MDLs although
they were 10}50 times lower than average metal concen-
trations in the samples. Recovery e$ciencies for lead,
copper and zinc ranged from 90 to 100% and were 60%
for aluminum. The relative standard deviations were
(15% for both split and replicate samples.
3. Results and discussion
3.1. Dry deposition yux
Long-term dry deposition was measured at three
sampling sites, Chicago, IL, South Haven, MI and Sleep-
ing Bear Dunes, MI. Table 1 shows the average dry
deposition #ux for ten elements at these three sites
(Shahin et al., 2000). The #ux of primarily crustal ele-
ments was higher and more variable than the #ux of
primarily anthropogenic elements at all the sites. In addi-
tion, #uxes of all elements in Chicago were substantially
higher and more variable than at the other sites. The
average crustal elemental #ux in Chicago was about 4}10
times higher than at South Haven and 10}20 times higher
than at Sleeping Bear Dunes. The average #uxes of prim-
arily anthropogenic elements in Chicago were approxim-
ately 3 times higher than at the other two sites. Results
similar to those reported here were obtained for poly-
chlorinated biphenyls and polycyclic aromatic hydrocar-
bons during the same study (Franz et al., 1998). Chicago
#uxes of PCBs were on average 3 times higher than the
non-urban PCBs #uxes. For PAHs the mean dry depo-
sition #ux ranged from 18lgm~2day~1 in Chicago to
0.2lgm~2day~1 in the South Haven. The PAH depo-
sition rate in the near-shore region of southern Lake
Michigan was 0.7lgm~2day~1.
3.2. Ambient concentration
The average concentrations of primarily crustal ele-
ments were higher than those of primarily anthropogenic
elements at all the sites (Table 2). The average concentra-
tion of Zn, Cu and Pb were higher than the other anthro-
pogenic elements at all three sites. In general, primarily
crustal elements were found in the coarse particle size
range and primarily anthropogenic elements were found
in the "ne particle size range &however’ there were several
exceptions. The average copper concentration for coarse
particles was higher than "ne particles in Chicago (10.0
vs. 8.7 ngm~3) but lower at South Haven and Sleep-
ing Bear Dunes (3.3 vs. 4.0 and 3.1 vs. 5.2 ngm~3, re-
spectively). In South Haven, the V, Cr, and Mo
concentrations were very evenly distributed between
coarse and "ne particles (0.5 vs. 0.4, 0.2 vs. 0.2, and 0.1 vs.
0.3 ngm~3, respectively). Overall the concentrations of
coarse particles were higher than "ne particles for "ve
anthropogenic elements (V, Cr, Cu, Mo, and Ba) in
Chicago, one element (V) in South Haven, and three
elements (V, Cr, and Ba) in Sleeping Bear Dunes. In
general, calculated standard deviations of all of the
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elements were similar in magnitude to average concentra-
tions indicating that concentrations were highly variable.
3.3. Overall dry deposition velocities
3.3.1. Results
Best-"t overall dry deposition velocities were obtained
by calculating the slope of the regression line between the
measured dry deposition #ux (y-axis) and ambient con-
centration divided into several size categories (x-axis). To
increase sample sizes, the following elements were
grouped together: Mg; Al and Mn; V, Cr, Mo, and Ba;
Cu and Zn; Pb. This grouping was based on (1) pre-
liminary analysis which found elements within each
group had similar deposition velocities and (2) measured
size distributions were found to be similar (Paode et al.,
1998; Sofuoglu et al., 1998). Three di!erent overall
dry deposition velocities were determined for each ele-
ment or groups of elements by using concentrations in
three di!erent particle size ranges (coarse, "ne, and
total). Fig. 1 is a graphical representation of the best-"t
overall dry deposition velocities derived for South
Haven. The overall best-"t overall dry deposition
velocities for coarse, "ne, and total particles for all of
the elements for Chicago, South Haven, and Sleeping
Bear Dunes are shown in Fig. 2. These overall deposition
velocities vary depending on the concentrations of the
elements in the various size ranges and are not associated
with a particular particle size. For example, when a
particular element has a smaller "ne particle concentra-
tion than coarse particle concentration (as is common
for crustal elements) the overall deposition velocity
calculated using "ne particle concentrations will be
larger than that calculated using coarse particle concen-
trations.
The overall dry deposition velocities of crustal ele-
ments (Mg; Al and Mn) obtained using coarse particle
concentrations varied from 0.8 to 12.0 cm s~1 with
correlation coe$cients ranging from not statistically
signi"cant to 0.95. The best-"t deposition velocities of
anthropogenic elements (V, Cr, Mo, and Ba; Cu and
Zn; Pb) obtained using coarse particle concentrations
varied from 0.2 to 6.3 cm s~1 with correlation coe$cients
ranging from 0.45 to 0.99.
The overall dry deposition velocities of the crustal
elements obtained using "ne particle concentrations
were often not statistically signi"cant. Those that were
statistically signi"cant were, in general, larger than
those obtained using coarse particle concentrations
(5.5}22.8 cm s~1) with smaller correlation coe$cients
(0.59}0.86). The best-"t deposition velocities of anthro-
pogenic elements obtained using "ne particle concentra-
tions were similar in magnitude to those in the coarse
particle size range (0.3}4.6 cm s~1), however, the corre-
lation coe$cients were generally smaller (from not
statistically signi"cant to 0.90).
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Fig. 1. Comparison between particle concentrations measured with a dichotomous sampler with the #ux measured with a smooth
surrogate surface in South Haven. The slope of the regression line is the best-"t overall dry deposition velocity.
The overall dry deposition velocities for crustal ele-
ments obtained using total particle concentrations
("ne#coarse) were smaller than for those obtained us-
ing either the coarse or "ne particle concentrations
(0.7}11.7 cm s~1) with correlation coe$cients ranging
from not statistically signi"cant to 0.95. The best-"t de-
position velocities of anthropogenic elements obtained
using total particle concentrations were also smaller than
those obtained using either the coarse or "ne particle
concentrations (0.2}3.0 cm s~1) with correlation coe$-
cients ranging from not statistically signi"cant to 0.94.
The overall dry deposition velocities calculated for
elements in Chicago, South Haven, and Sleeping Bear
Dunes were compared with a paired t-test with a signi"-
cance level of 0.05. The only velocities that were found to
be statistically di!erent between sites were for crustal
elements at Chicago and Sleeping Bear Dunes using both
coarse and total particle concentrations. This is probably
due to the higher concentration of large coarse particles
at the urban site due to the higher level of human activ-
ities and presence of nearby industrial sources.
3.3.2. Discussion
For most of the elements the #ux was very highly
correlated with coarse particle concentrations. Occa-
sionally, r2 values were slightly higher between #ux and
total particle concentrations than for #ux and coarse
particle concentrations. For none of the elements were
r2 values highest using "ne particle concentrations. This
"nding is because the majority of the #ux is due to
particles larger than 2.5lm in size due to their high
deposition velocities (Davidson and Wu, 1990; Paode
et al., 1998; Dulac et al., 1989; Holsen and Noll, 1992)
and indicates that best approach to estimate overall dry
deposition is by using either coarse or total particle
concentrations.
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Fig. 2. Three overall dry deposition velocities calculated using the concentrations of three di!erent size ranges of particles (coarse, "ne,
and total) and measured #uxes at three sampling sites (Chicago, South Haven, and Sleeping Bear Dunes). The number shown above the
bar is the r2 value for the regression lines between ambient concentration and #ux. Missing bars indicate the regression was not
statistically signi"cant.
Measured overall dry deposition velocities for Mg in
Chicago obtained using either coarse or total concentra-
tion were approximately 12 cms~1. For South Haven the
deposition velocity for Mg was approximately half of this
value. For Al and Mn the deposition velocity in Chicago
was signi"cantly smaller (2.5 cm s~1) and again the de-
position velocity for South Haven and Sleeping Bear
Dunes was about half of this value. The larger deposition
velocities for Mg than for Al and Mn is probably due to
the greater concentration of Mg in the very large coarse
particle (Sofuoglu et al., 1998).
For primarily anthropogenic elements there were no
statistical di!erences between sites, however, there is
a general trend of slightly higher deposition velocities
for Chicago than the other sites. Measured deposition
velocities for V, Cr, Mo and Ba obtained using total
concentrations were approximately 0.5 cm s~1. For Cu
and Zn the deposition velocity was signi"cantly larger
(approximately 2.0 cms~1) and for lead it was between
these values (approximately 1.3 cm s~1). Using coarse
particle concentrations only yields somewhat larger de-
position velocities.
These values are within the range of values published
in the literature but probably slightly larger than average
values. They agree fairly well the values recently reported
by Zufall et al. (1998) for the Lake Michigan region
except for Cu and Mg in which the values reported here
are signi"cantly larger than their earlier values. The high-
est deposition velocity reported by Zufall et al. (1998) was
for Mn (approx. 9 cm s~1) which is somewhat larger than
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the value reported here (2.5 cm s~1). Reported values for
primarily anthropogenic elements are generally smaller
than 1 cms~1 whereas deposition velocities for crustal
elements often exceed this value (Davidson and Wu,
1990). The values obtained are signi"cantly greater than
the values typically used by researchers in conjunction
with PM10 concentrations (0.2 cm s~1) to calculate dry
deposition #ux to the Great Lakes (Stranchan and Eisen-
reich, 1988; Eisenreich and Stranchan, 1992; Ho! et al.,
1996).
The average overall dry deposition velocities in all
particle size ranges for crustal elements were higher than
for anthropogenic elements. This "nding is because crus-
tal elements are usually associated with coarse particles
(which have large deposition velocities) while anthropo-
genic elements generally associated with "ne particles
(which have small deposition velocities). Several other
investigators have also shown that primarily anthropo-
genic elements are associated with smaller particle sizes
and generally have smaller deposition velocities than
crustal elements (Davidson et al., 1985; Davidson and
Wu, 1990).
The average overall dry deposition velocities obtained
using coarse particle concentrations for primarily crustal
elements were only slightly larger than the ones obtained
using the total particle concentrations at all sampling
sites. This result indicates that the primarily crustal
elements are mostly associated with coarse particles
(i.e. coarse and total concentrations were very similar).
Very high deposition velocities and poor correlation
coe$cients for crustal elements obtained using "ne
particle concentrations were obtained because of the
small concentration of crustal elements in the "ne
particle mode. The overall dry deposition velocities
obtained using "ne particle concentration for the prim-
arily anthropogenic elements were better correlated with
the #ux.
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